Candida albicans undergoes yeast to mycelial conversion under both in vivo and in vitro conditions but the relative pathogenicity of the two forms of growth is still unknown. By adapting a recently developed Cr radiolabel release assay, we have quantified the killing ability of different murine effector cell populations for the hyphal form of C. albicans. Up to 50% of specific S I C r release from the mycelial form could be detected after incubation for only 1 h, with no requirement for opsonization, provided that appropriate effector : target cell ratios were used. The specific s l C r release correlated well with viability, as assessed by dye exclusion tests, and with pathogenicity potential in cyclophosphamide-immunodepressed mice. Comparison of the activity of different murine effectors against yeast and hyphal forms showed that hyphal forms were killed by murine effectors to a similar, if not greater, extent than yeast forms. In particular, thioglycollate-induced murine polymorphonuclear neutrophils were able to kill hyphal cells extracellularly and without an opsonic requirement.
given four injections each of 2 x lo7 merthiolate-inactivated C. albicans organisms (at 60,45, 30 and 15 d before bleeding) by subcutaneous and intraperitoneal routes. Normal murine serum was obtained from healthy CD2Fl mice.
In tlitro assay against yeast-jorm C. albicans. The microassay against yeast-form C. albicans has been described previously (Bistoni et al., 1982) . Briefly, various numbers of different effector cells in 0.1 ml RPMI medium were mixed in U-shaped microtitre plates (Greiner Labortechnik, Niirtingen, FRG) with 5 x lo4 radiolabelled [300 yCi (1 11 MBq) Na2Cr04 for 2 h at 37 "C in 5 % CO,] C. albicans yeasts. After incubation for 4 h at 37 "C in 5% CO-,, the plates were centrifuged at 800g for 10 min, and the radioactivity in 0.1 ml of the supernatant was measured in a y-scintillation counter (Autogamma 500C, Packard Instruments). Results were expressed as the percentage release in the experimental group (quadruplicate samples) above the baseline control (C. albicans incubated alone in RPMI medium) according to the following formula: c.p.m. experimental groupc.p.m. spontaneous release Total c.p.m./2 Percentage specific release = x 100
where total c.p.m. is the radioactivity incorporated by 5 x lo4 C. albicans cells. The same technique was used to assess the killing of C. albicans after 30min of induction of germ-tube formation. In citro assay against C. albicans hyphae. (a) Chromium labelling of hyphal-form C. albicans. A 100 ml sample of suspension containing 2 x los C. albicansgerm-tubes or hyphae was filtered on 0.8 pm membrane filters. The cells were harvested by scraping the filters with a razor blade and then mixed with 300 pCi Na251CrOz (New England Nuclear). After 2 h incubation at 37 "C in 5 % C o t , the micro-organisms were resuspended in 50 ml basal saline medium, filtered on a 0.8 pm membrane filter, and the filter was washed twice with 100 ml basal saline medium.
The micro-organisms were then resuspended in RPMI medium to a concentration of 5 x lo5 cells ml-' . Under standard labelling conditions, 5 x lo4 C. albicans germ-tubes gave about 1500 & 500 c.p.m. while 5 x lo4 hyphae gave 2500 f 500 c.p.m.
(b) Assay procedure. Various numbers of effector cells (0.1 ml) were mixed in flat-bottomed 96-well microtitre plates with 5 x 104 C. albicans germ-tubes or hyphae (0.1 ml). After 1 h incubation (unless otherwise stated) at 37 "C in 5 % CO?, the cell-micro-organism mixture was harvested by a multiple section filtration apparatus (Mash 11, Microbiological Association, Bethesda, Md, USA) by means of a fibreglass filter paper (grade 934 AH; Reeve Angel Co., Clifton, NJ, USA). Radioactivity of paper discs containing the radiolabelled organisms was measured in a y-scintillation counter. Target cells incubated without effector cells always retained more than 90% of the total radioactivity incorporated and served as baseline release. Results of experimental groups were expressed as the percentage specific 51Cr release according to the following formula: 
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Standard errors were usually below 2.5%. The same technique was used to determine the killing of germ-tubes after 90 min induction. In some control experiments yeasts incubated for 0 or 30 min in basal saline medium gave similar results with this assay technique and the previous one (see above). Determination qf' dry weigh?. For dry weight determinations, the organisms were harvested and filtered on pretared 0.8 pm membrane filters. Filters were washed with 50 ml distilled water, dried in an oven at 80 "C for 12 h, and weighed.
Srarisrical analysis. For the in uivo experiments, differences in the median survival times were analysed according to the Mann-Whitney U-test. Experimental groups consisted of 10 animals each.
RESULTS

Killing of yeast and hyphal forms of C . albicans at direrent efector :target ratios
In preliminary experiments, we investigated the effect of varying the effector :target ratios on Cr release from yeast or hyphal forms of C . albicans. Effector cells known to display different levels of reactivity against yeast-form C. albicans were used, viz. PMN, which exert a strong candidacidal activity, and SC, which kill the yeast to a much lesser extent. All the effector cell populations were able to kill the hyphal form (240 min development in GlcNAc medium) at levels comparable to or even higher than those against the yeast form (Table 1 ). In this table, the ratios are also expressed as number of effector cells :dry weight of the target. These ratios are significantly lower for the hyphal form with respect to the yeast form, since they take into account the increase of the dry mass of target cell during the mycelial conversion (about 40%). The optimal effector : target cell ratios were in the range 10 : 1 to 5 : 1 for both types of effector cell tested.
In selected experiments, the ability of PMN and SC to ingest yeast (Omin) and hyphal (240 min) forms of C. albicans was microscopically assessed after 60 min of effector-target contact. Hyphal cell viability was also determined by trypan blue exclusion. The results of these experiments showed that yeast forms were ingested efficiently by PMN, and less so by SC, whereas neither PMN nor SC were -able to engulf completely a significant number of hyphal forms. PMN-ingested yeasts only occasionally produced germ-tube outgrowth since most of Table 1 
. Eject of diferent efector :target ratios on the killing of C . albicans yeasts and hyphae by diferent murine effectors
The effector : target ratios are expressed either as number of effector cells :target cells or as number of effector cells :target cell dry wt. The dry weight of the target is expressed as 1 pg (corresponding to about 1.5 x los cells). SICr-labelled yeasts were incubated with effector cells for 4 h; slCr-labelled hyphae were incubated with effector cells for 1 h. Standard errors, always below 2%, have been omitted. them were killed in less than I h (see also Bistoni et al., 1982) . Despite the low ingestion efficiency, PMN were mostly able to kill the hyphal form by an extracellular non-phagocytic mechanism after adhesion to a portion of the hyphal wall. Dye exclusion experiments showed that 55-70% of the PMN-attached hyphal forms were killed in about 1 h. Analogous experiments indicated that no more than 20% of hyphal forms were killed extracellularly by SC.
Time course of' 5 1 Cr release from yeast-and hyphal-form C . albicans
The effect of varying the incubation periods on 51Cr release from yeast-and hyphal-form C.
Cr release from yeast cells (Fig. 1 a) increased regularly from 30 min albicans is shown in Fig. 1 . and reached a maximum after 4 h. With hyphal forms (Fig. 1 b) peak levels of specific 51Cr release were observed after as little as 1 h of incubation. The specific release then decreased and reached a lower level plateau after 2 4 h. This decrease was obviously related to the concomitant increase in the baseline control values (Fig. 1, lower panel) .
EJect ojserum addition
It is well documented that serum addition often increases the killing activity of effector cells against microbial targets. We therefore investigated whether the presence of serum was mandatory for the killing of C. albicans, and whether any increase in killing could be achieved by the addition of autologous as well as hyperimmune serum. All tested sera, whether heatinactivated or not, were ineffective in increasing the rate of 51Cr release by SC and P M N from both yeast-and hyphal-form C. albicans ( Table 2) .
Comparatice killing ability of diJferent murine eJfector cells against yeast-and hyphal-jorm
C. albicans Experiments were done to compare the efficiency of different murine effectors against yeast cells or hyphae used as targets in the radiolabel release microassay described above. Those effector cells (BM, PMN) which were the most efficient at killing yeasts were also able to kill, to an even greater extent, mycelial targets (Fig. 2) . Indeed, no major discrepancies were observed in the ability of any effector to attack the two different targets, in spite of what could be expected on the basis of the structural and chemical differences between the yeast and hyphal forms of the micro-organism (see Discussion).
Time course of' Cr release from C. albicans cells at d@erent stages of yeast to mycelial transition
We also investigated the susceptibility to killing of C. albicans at different stages during germtube induction and hyphal formation. Yeast-form C. albicans at 0 min and 30 min (organisms which were harvested and labelled after 30 min of induction when no germ-tubes had emerged) displayed the same degree of susceptibility to SC and P M N , both in terms of extent and 5 10 Table 3 
M . BACCARINI A N D OTHERS
. Time course of Cr release from C . albicans cells at diflerent stages of yeast-mycelial transition
Germ-tube (30 min) cells were recovered 30 min after germ-tube induction and germ-tubes (90 min) were recovered 90 rnin after germ-tube induction. Hyphal cells were recovered after 240 rnin induction. Percentage specific "Cr release was measured at the effector :target ratio 10 : 1. Standard errors, always below 2.5%, have been omitted. Table 4 
. Correlation between 5'Cr release from hyphal-form C . albicans by murine P M N in vitro and decrease of pathogenicity in vivo
In citro expt* In vivo exptt hyphal-form targets to be injected in the in ziuo experiment.
previously incubated for 1 h with RPMI medium (group I ) or with PMN (groups 2, 3 and 4).
rate of killing (Table 3) . The most susceptible target appeared to be germ-tubes (90min) (corresponding to a stage of well emerged germ-tubes), which were optimally killed within the first 30 min of effector plus target incubation. The hyphal form displayed its typical pattern of susceptibility, with peak levels of specific 51Cr release observed after 60 rnin of incubation.
Killing of C . albicans by murine eflectors Correlation between 5 1 Cr release from hyphal-form C . albicans in vitro and decrease of pathogenic potential evaluated in vivo
We tried to correlate 51Cr release from hyphal forms with the actual killing of the microorganisms. Apart from dye exclusion tests (see above), we also did in vivo experiments in which mice immunodepressed with cyclophosphamide [ 150 mg (kg body wt)-*, given 3 d before the challenge] were injected intravenously with hyphal-form C. albicans previously incubated either in RPMI medium alone or with murine PMN at different effector :target ratios. The same PMN were also used as effectors in the radiolabel release microassay at the same effector :target ratios. The results show that the incubation of hyphal cells with PMN before inoculation significantly decreased the pathogenicity of C. albicans hyphal forms (groups 2,3 and 4 versus group 1 ; Table  4 ), thus providing evidence that the 51Cr release observed in vitro might correspond to an actual reduction in the number of live hyphal forms, as with yeast forms (Bistoni et al., 1982) .
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DISCUSSION
Yeast-mycelial conversion has long been claimed to play a crucial role in the pathogenicity of C. albicans (for a review see Odds, 1979) . Despite these claims, however, the relative virulence of the two forms of the fungus remains to be established because both yeast and mycelial forms are found in the tissues of infected animals (Winblad, 1975; Parker et al., 1976) , and experimental infections with the two forms of growth do not clearly indicate which one is really the more virulent (Odds, 1979) . Very recently, Cockayne & Odds (1984) , presented evidence to suggest that hyphal forms of C. albicans are more susceptible to killing by human PMN effectors than yeast forms.
Since natural defence mechanisms are critical in host resistance against candidiasis both in normal and immunomodulated hosts (Rogers & Balish, 1980; Kagaya & Fukazawa, 1981; Bistoni et al., 1983; Baccarini et al., 1983a, b) , it seemed of interest to do a rapid assay which allowed the simultaneous testing of different murine effector cell populations for their natural reactivity against both yeast and hyphal forms of C. albicans. Using PMN (a highly reactive population against yeast-form C. albicans), we found that good levels of specific 5 1 Cr release from the hyphal form were achieved at the effector :target ratios of 10 : 1 to 5 : 1.
As previously reported for yeast forms (Bistoni et al., 1982) , 51Cr release from hyphal forms correlated well with actual killing as shown by microscopic observation, trypan blue exclusion and in vivo challenge of cyclophosphamide-immunosuppressed mice with PMN-treated hyphal forms (see Results). Although a detailed assessment of the form-related differences in attachment, ingestion and intracellular versus extracellular killing was not within the scope of this investigation, it was observed that yeast-form cells were first phagocytosed then killed intracellularly, whereas hyphal forms were predominantly killed extracellularly, at least by murine PMN effectors. The nature and mechanism of this non-phagocytic killing are presently under investigation but it has already been suggested that human PMN are able to damage noningested pseudohyphal forms of C. albicans (Diamond et al., 1978) . Thioglycollate-induced peritoneal murine PMN could be particularly efficient in this form of extracellular killing. Whatever the mechanism, we observed that the rate of killing of hyphal forms was comparable to, or even higher than, that of yeast forms. We also observed that the addition of serum, either autologous, heterologous or immune, and the presence of complement were not mandatory for killing of hyphal forms, extending to these latter what is widely recognized for yeast forms (Lehrer & Cline, 1969; Yamamura et al., 1977; Diamond et al., 1978; Kagaya & Fukdzawa, 1981 ; Bistoni et al., 1982) .
When the ability of different murine effectors to kill yeast and hyphal forms of C. afbicans was analysed, the most efficient effectors were BM cells and PMN, which have already proved capable of killing yeast-form C . afbicans in a variety of systems (Bistoni et al., 1982; Lehrer & Cline, 1969) , and, in some cases, of damaging pseudohyphae (Diamond et al., 1978) . Lower levels of killing were displayed by SC, while PEC were almost totally inefficient. The differential killing of C. albicans at different stages during induction of germ-tube and hyphal formation is also of some interest. In fact, yeast and germ-tube (30 min) forms were relatively more resistant to killing by SC and PMN than elongating (germ-tube, 90 min) and truly mycelial forms (240 min), both in terms of the amount of 51Cr released and in the time of incubation required to achieve maximal killing. The reason for such a discrepancy may reside in the wellknown differences in cell wall composition and architecture of the two growth forms (Chattaway White et a/. , 1979) , which may also account for variations in the pathogenic potential of the fungus. For PMN cells at least, the mechanism of killing could also differ between yeast and hyphal cells, with intracellular and extracellular killing making different contributions towards the various stages of morphological transition.
Another potentially important factor in the relatively greater resistance of yeast forms to killing could be their ability to form germ-tubes even when they have already been phagocytosed (Odds, 1979) . This phenomenon, however, would not be decisive where effective extracellular killing of hyphal forms occurs.
Despite the well defined in vitro conditions under which our experiments were done, no definite conclusions can be drawn about the relative in vivo pathogenicity of yeast and hyphal forms of C . albicans. In principle, hyphal forms produced in response to GlcNAc could be significantly different from those which are formed in serum and animal tissues, as far as resistance to immune effectors is concerned. Although experiments with germ-tubes and hyphae developed in serum showed that they are killed by murine effectors, just like the ones formed in GlcNAc medium (data not shown), this is still far from an in vivo situation. However, it is of interest that, at least under one set of conditions, those murine effector cells which are capable of killing the yeast form also kill (sometimes with higher efficiency) the hyphal form. Also of I interest is the fact that susceptibility to killing apparently increases with germ-tube emergence and hyphal growth.
Finally, it should be stressed that, despite numerous differences in the nature and activity of the immune effectors and in the techniques used to assess cell killing, our findings are substantially in accord with those of Cockayne & Odds (1984) . The results of both studies seem to contradict the commonly held belief that hyphal forms of C . albicans are endowed with a greater invasiveness and resistance to host defences than yeast forms.
